. If the L cone dark noise is caused by spontaneous activation of the photopigment. In contrast, in S cones the the photopigment is spontaneously active, suppressing transducin activation will decrease the dark PDE activity insensitivity of the noise to bleaching of the pigment, the difference between the dark noise and dim flash and cause the membrane current to increase. We tested this prediction by suppressing transducin activation and spectra, and the lack of dark transducin activity indicate a low rate of spontaneous pigment activation. The rate observing the effect on the membrane current. Truncated L and S cone outer segments were dialyzed with of spontaneous activation of each photopigment was estimated from the scale factor required to fit the dark a solution containing no GTP and 75 M cGMP, a condition that suppressed transducin activation, or a solution noise power spectrum with the power spectrum of the dim flash response (e.g., Figure 2A ). In six L cones, the containing 10 M GTP and 75 M cGMP, a condition that permitted transducin activation but supported little estimated rate of spontaneous activation was 600 Ϯ 200 s Ϫ1 (mean Ϯ SEM). In five S cones, the spontaneous cGMP synthesis, as in truncated rod outer segments (Lagnado and Baylor, 1994). When the outer segment activation rate was Ͻ2 s Ϫ1 , although the absolute rate could not be determined because of the different shapes was dialyzed with the solution lacking GTP, the photopigment was unable to activate transducin, and the of the noise and dim flash spectra. For comparison, the photopigment in salamander rods activates spontaneouter segment ceased to respond to light. In five L cone outer segments, the current in the absence of GTP was ously at a rate of about 0.03 s Ϫ1 (Vu et al., 1997). As a salamander rod contains about 30 times as many phobetween 2.2 and 5 times larger than in the presence of GTP ( Figure 3C ). In three S cone outer segments, the topigment molecules as a cone, the L cone pigment is about 6 ϫ 10 5 times less stable than rhodopsin. current in the presence and absence of GTP differed by Ͻ10% ( Figure 3C ). Thus, L cones but not S cones had
Figure 1. Properties of the Dark Noise in L and S Cones
(A) Membrane current from an L cone recorded in darkness, in the presence of a saturating light, and after bleaching Ͼ99% of the photopigment and allowing the dark current to recover. The light intensity used to saturate the cone was just sufficient to eliminate the dark current and thus isolate instrumental noise. This condition could be maintained for 1-2 minutes by gradually increasing the light intensity to compensate for the decrease in sensitivity caused by photopigment bleaching. After the saturating light was applied, the cell's remaining photopigment was bleached by an intense light (Ͼ10 8 photons m photon response. In S cones the spectrum of the dark noise differed from the spectrum of the dim flash reThe power spectrum of the dark noise in L and S cones provided further evidence for a difference in the sponse ( Figure 2B ; similar results in five S cones), indicating that the elementary events producing the noise rates of spontaneous pigment activation. Assuming the cellular dark noise and instrumental noise are indepenhad a different time course than the cell's single photon response. dent and additive, the power spectrum of the cellular noise can be isolated as the difference (dark Ϫ sat).
Experiments on truncated cone outer segments (Figure 3A) provided a third piece of evidence for a differ- Figure 3B ). If the L cone dark noise is caused by spontaneous activation of the photopigment. In contrast, in S cones the the photopigment is spontaneously active, suppressing transducin activation will decrease the dark PDE activity insensitivity of the noise to bleaching of the pigment, the difference between the dark noise and dim flash and cause the membrane current to increase. We tested this prediction by suppressing transducin activation and spectra, and the lack of dark transducin activity indicate a low rate of spontaneous pigment activation. The rate observing the effect on the membrane current. Truncated L and S cone outer segments were dialyzed with of spontaneous activation of each photopigment was estimated from the scale factor required to fit the dark a solution containing no GTP and 75 M cGMP, a condition that suppressed transducin activation, or a solution noise power spectrum with the power spectrum of the dim flash response (e.g., Figure 2A ). In six L cones, the containing 10 M GTP and 75 M cGMP, a condition that permitted transducin activation but supported little estimated rate of spontaneous activation was 600 Ϯ 200 s Ϫ1 (mean Ϯ SEM). In five S cones, the spontaneous cGMP synthesis, as in truncated rod outer segments (Lagnado and Baylor, 1994). When the outer segment activation rate was Ͻ2 s Ϫ1 , although the absolute rate could not be determined because of the different shapes was dialyzed with the solution lacking GTP, the photopigment was unable to activate transducin, and the of the noise and dim flash spectra. For comparison, the photopigment in salamander rods activates spontaneouter segment ceased to respond to light. In five L cone outer segments, the current in the absence of GTP was ously at a rate of about 0.03 s Ϫ1 (Vu et al., 1997). As a salamander rod contains about 30 times as many phobetween 2.2 and 5 times larger than in the presence of GTP ( Figure 3C ). In three S cone outer segments, the topigment molecules as a cone, the L cone pigment is about 6 ϫ 10 5 times less stable than rhodopsin. current in the presence and absence of GTP differed by Ͻ10% ( Figure 3C ). Thus, L cones but not S cones had
The high rate of spontaneous pigment activation effectively light adapted L cones even in darkness, caussubstantial dark transducin activity. 
were larger in the S cone than the L cone. As expected for light-induced fluctuations, the power spectrum of where R is the response amplitude, R D is the amplitude the light-dependent noise had the form of the power in darkness, I is the steady light intensity, and I 0 is the spectrum of the dim flash response for both L cones intensity required to halve the response. I 0 was 340 Ϯ ( Figure 5C ) and S cones ( Figure 5D ). Figure 5E shows 130 photons m Ϫ2 s Ϫ1 in five S cones (mean Ϯ SEM) collected results on the dependence of the current variand 1200 Ϯ 400 photons m Ϫ2 s Ϫ1 in seven L cones. ance between 0.2 and 10 Hz on the steady light intensity. Thus, in darkness the single photon response in S cones was more than 5 times larger than that in L cones, but this difference decreased to less than a factor of 2 in Discussion bright steady light. Steady lights also decreased the difference in the time to peak of the S and L cone reThe experiments described above indicate that the molecular origin of the dark noise in the membrane current sponses, as shown in Figure 4D The observation that spontaneous photopigment activation proceeds at a higher rate in L cones than in rods or S cones is in qualitative agreement with Barlow's hypothesis (Barlow, 1957) that the spontaneous activation rate is determined by the energy of the photons to which the pigment is most sensitive. However, the apparent energy barrier for thermal activation of the rod photopigment rhodopsin is only about half the energy of a photon at the wavelength of rhodopsin's peak sensitivity (Baylor et al., 1980) . This may also be the case for the L cone photopigment, as the rate of spontaneous activation is much higher than that expected if the energy barrier for spontaneous activation were equal to the full energy of a 600 nm photon. These observations molecule to nearly the same extent as the rod transduc-
